Slowly diffusing water molecules were found by quasi-elastic neutron scattering (QENS) in a sodium dodecyl sulfate (SDS) micellar solution, and both their diffusion coefficient (4.33 × 10 -6 cm 2 ‚s -1
Introduction
Molecular dynamics in water and aqueous solutions is subject to extensive experimental studies carried out by classical (viscosity and diffusion measurements) as well as modern techniques (NMR, dielectric relaxation, and dynamic light and neutron scattering). In bulk water, quasi-elastic neutron scattering (QENS) resulted in two relaxation times, both in the 10 -12 s range at room temperature. 1, 2 One of them, τ 0 , stands for the residence time of water molecules in a hypothetical bound state 3, 4 between two free translational jumps; the other, τ 1 , is characteristic of the rotation 5 of water molecules.
Solutes locally perturb the structure of aqueous solvents. Analysis of excess thermodynamic quantities led to the assumption that apolar ("hydrophobic") solutes may cause the neighboring water molecules to be more "structured" in comparison with the bulk, 6 and this change may affect the degrees of freedom of their motion. With the different types of biomolecules present in the system, dielectric 7, 8 and NMR relaxation 7, 9 experiments indicated that τ 1 splits into two components. One of them is ultrafast, ∼10 -12 -10 -11 s, resembling that in the bulk aqueous phase; the other is significantly longer, ∼10 -10 -10 -9 s. This splitting is thought to arise from strong H-bonds formed between the hydrated ("biological") water and certain segments of the slow dynamics biomolecules, thereby hindering the rotation of the water molecules involved. 7, 8 Molecular confinements, which cause slowing down of about 2 orders of magnitude in the rotational relaxation of water molecules, are expected not to leave their translation unaffected.
Significantly hindered diffusivity of water molecules has been observed in (dense) solutions of small organic molecules with polar and apolar segments [10] [11] [12] by QENS and in various mesoscopic systems (micellar solutions [13] [14] [15] ) by gradient compensated stimulated spin-echo (GCSTE) NMR. Although GCSTE NMR indicates that the mean diffusion coefficient of water molecules decreases in the presence of micelles, this method is unable to distinguish between water molecules of different diffusivities. In the present work, an attempt is made to determine by QENS the mole fraction and the diffusion coefficient of slow (and bulk) water molecules in the solvent phase of an SDS micellar solution. GCSTE NMR measurements were made in sodium dodecyl sulfate (SDS), dodecyl trimethylammonium bromide (DTAB), and ethoxylated nonyl phenol (9NX) micellar solutions partly to confirm the QENS results obtained in the SDS solution and partly to compare the hydration in anionic, cationic, and nonionic micellar systems.
Experimental Section

QENS in SDS Micellar
Solution. QENS experiments were carried out on the high-resolution (energy, 1.2-2.4 µeV in the energy transfer range [-17,17] µeV; momentum transfer, ∼0.5-0.8 nm -1 for Q's of 1.6, 2.4, and 3.2 nm -1 ) backscattering spectrometer at the FRJ2 reactor of the Jülich Research Center, Germany. Si(111) crystals served as the monochromator (moving) and the analyzer (at rest) corresponding to the final wavelength λ ) 0.62718 nm. The liquid sample was poured between two thin-walled (0.5 mm) aluminum cylinders, and the sample thickness was ∼0.2 mm. Each sample was measured both in liquid (at 309 ( 3 K) and in the frozen state (at ∼260 K), and the latter served as a reference for the background determination. Spectra were collected for 48 h (liquid) or 24 h (frozen samples). The energy resolution of the spectrometer was determined by a vanadium spectrum.
The scattering cross section d 2 σ/dΩdE for an n-component liquid was derived from van Hove's formula, 16, 17 by using the convolution approximation to determine its distinct part. 18, 17 The scattering intensity I(E,Q) represents a convolution of the scattering cross section with the instrumental resolution function R(E), and the result is expressed in terms of Lorentzians
where
is the area of the Lorentzian (X j stands for the mole fraction of the component, and a(Q) is the counting efficiency, assumedly equal for all samples). The quantity W j (Q) ) exp(-〈u 2 j 〉Q 2 /3) is the Debye-Waller factor defined by the mean squared vibration amplitude 〈u 2 j 〉. In the applied range of Q and E, the molecular rotations cause only a small, negligible increase in the width of the Lorentzians. 2 Finally, C j (Q) is the static differential cross section:
Here, b c,j and b 2 i,j respectively stand for the coherent and squared incoherent scattering length of component j and S jk (Q) is the static structure factor of components j and k; in what follows, the subscript j ) w stands for water and j ) m for micelles.
The experiments were carried out in bulk H 2 O and in 0. Table 1 ; scattering length data were taken from ref 20 . Because D j is independent of Q in the applied range of E, 1,2,21 the backscattering patterns (corrected for background and empty sample holder) from all three detectors were fitted by eq 1a in the same session.
Results from Bulk H 2 O. Equation 1a
was evaluated for a single component. Since 20 b 2 i,w . b 2 c,w and C w ≈ b 2 i,w , having 2 〈u 2 w 〉 ∼ 0.0025 nm -2 , a(Q) ≈ A 0 w (Q)/W w (Q)b 2 i,w was determined for further use. The diffusion coefficient D 0 w of H 2 O molecules in bulk water is 2.98 × 10 -5 cm 2 ‚s -1 at 309 K, in agreement with the value (2.94 ( 0.03) × 10 -5 cm 2 ‚s -1 , calculated from literature data. 22 
Results from d-SDS/H 2 O Micellar Solutions.
The difficulty in evaluating backscattering patterns from micellar solutions is the calculation of the micelle/micelle and micelle/ water structure factors. The former is obtained from a standard procedure, 23 and the latter is approximated by assuming that the micelle/water pair-correlation function is a step function. The strong coherent contrast of d-SDS micelles in H 2 O causes both C w and C m to significantly depend on Q (cf. Table 1 ).
Using the known values of A 0 w , D 0 w , and C w , the contribution from the aqueous phase is fixed in the model function:
The fit resulted in D m ) 9.61 × 10 -7 cm 2 ‚s -1 ; the values published in the literature are from neutron spin-echo 24 (NSE) ∼7 × 10 -7 and from dynamic light scattering 25 ∼1.4 × 10 -6 cm 2 ‚s -1 .
Determination of Slow Water in p-SDS/H 2 O Micellar Solutions.
Due to the weak coherent contrast of p-SDS micelles in H 2 O and the small b c,w value of H 2 O, the terms consisting of S wm (Q) and S mm (Q) contribute perceptively neither to C w (Q) nor to C m (Q) (see Table 1 ); the information on the movement of p-SDS micelles stems from the incoherent scattering of H atoms in the alkyl chain. The contribution from water is divided into the usual bulk and the hypothetical slow components:
where the diffusion coefficients of bulk water molecules and micelles were respectively fixed at the best-fit values D 0 w and D m ; since no data were found for dodecyl chains, W m (Q) was calculated by assuming 〈u 2 m 〉 ≈ 0.01 nm 2 , the mean squared displacement of poly(didecyl itaconate) 26 . The free-fitting parameters are D s w , the diffusion coefficient, and R ) X s w /X w , the fraction of slow water molecules in the solvent. Backgroundcorrected raw data and the best-fit curves are plotted in Figure  1 ; the best-fit values of the fitting parameters are D s w ) 4.33 × 10 -6 cm 2 ‚s -1 and R ) 0.057.
Unsuccessful Attempt to Find Slow Water in NaHSO 4
Solution. The 0.2 M NaHSO 4 solution serves as a model for studying the contribution to the slowing down of solvent molecules from the hydrate spheres of the counterions and, to a certain extent, that from the headgroup ions. Its backscattering patterns were also fitted by eq 3, after having fixed the diffusion coefficient of bulk water molecules at D 0 w and set X m ) 0. The fit resulted for the slow diffusion coefficient in a value which differs from the bulk one by less than 1% such that the best-fit value of R turned out to be ambiguous.
NMR in Micellar Solutions of SDS, DTAB, and Ethoxylated Nonyl Phenols with 12, 20, 30, and 40 Ethoxy
Groups. The QENS results were confirmed by GCSTE NMR. 27 Among the various branches 28,29 of the pulsed field gradient spin-echo method, 30 this special technique is designed for determining the diffusion coefficient D of (small) molecules. The various aspects of the application of NMR in surfactant systems are reviewed in two recent papers; one of them 31 is more method-oriented, and the other 32 is more system-oriented. The diffusion coefficient is derived from the change in the integrated intensity I of the component studied I 0 is the integrated intensity without a gradient, g ()max 50 G‚cm -1 ) the magnetic field gradient, γ the gyromagnetic constant, c a constant determined by the shape of the gradient X m C m (Q) for H 2 O (X w ) 1, X m ) 0) 
ln (
pulse, ∆ ()50 ms) the time interval between two gradient pulses, and δ ()2 ms) the gradient pulse duration. 27 The measurements were performed at 309 K on a Bruker DRX 500 spectrometer at the University of Debrecen; the solution concentrations were 0.2 M (p-SDS and DTAB, the latter purchased from Sigma) and 0.04 M (ethoxylated nonyl phenols, purchased from Dow Chemicals). Provided that the exchange between the two types of water is fast on the time scale defined by the chemical shift difference between them, the spectrometer sees D h w , the average of the two diffusion constants weighted by the molar fractions of the two types of water, 29 with the notation used in eq 3:
The plots of ln(I/I 0 ) for water in bulk, p-SDS, and 9N40 solutions are shown in Figure 2 . To confirm the QENS results on the solvent diffusion coefficient by NMR, two methodrelated, systematic errors have to be corrected. The first stems from the different isotopic composition of the solvents. In QENS, the solvent is pure H 2 O; in NMR, the solvent consists of 5 mol % D 2 O, causing the effective self-diffusion coefficient of the solvent molecules to decrease to D 0 w ) 2.91 × 10 -5 cm 2 ‚s -1 in the bulk. To avoid or, at least, essentially reduce this type of systematic error, the quantity that we call "observed slowing down" is introduced for comparing NMR and QENS data. Numerical results of S obsd from NMR are presented in Table 2 .
The other method-related, systematic error is caused by the obstruction effect of the micelles, which essentially depends on the time τ obsd of observation. In NMR, τ obsd ) ∆ ) 5 × 10 -2 s; the mean distance r D taken by a water molecule in the bulk phase during τ obsd is r D ) (D 0 w τ obsd ) ∼ 1.2 × 10 -3 cm. In a micellar solution, the water molecules meet a large number of (impenetrable) micelles within this distance, which cause them to move on average along a longer random path. 
D′ D
diffusion coefficients D m of the micelles were also determined and listed in Table 2 .
3. Discussion and Conclusions 3.1. Discussion. The slowing down of water molecules was observed in all micellar solutions we investigated by NMR, and as calculated from the S obsd and Φ data in Table 2 , S net > 0 was found in every case. In the particular case of SDS micelles, S net ) 1 -0.938/0.977 ) 0.040 from NMR (eq 8), in acceptable agreement with 0.057(1 -4.33 × 10 -6 /2.98 × 10 -5 ) ) 0.048, the QENS result (eq 6). In other words, a net quantity of slow water is present in each micellar system studied and the question arises, why? In ionic systems, the answer would be obvious: due to ionic hydration. This answer, however, is not complete for two reasons. First, in the 0.2 M SDS solution, the concentration of slow H 2 O molecules is ∼55.5R ∼ 3.2 mol‚dm -3 corresponding to ∼3.2/0.2 ) 16 slow water molecules per SDS monomer, greater than the sum of the usual hydration numbers of the sodium and sulfate ions. Second, the most significant net slowing down data stem from solutions of nonionic, ethoxylated nonyl phenols ( Figure 3) ; this latter argument is also supported by a former study of ethoxylated surfactant systems 14 where similar trends were found in the slowing down of solvent molecules versus the length of the ethoxy chains. These findings suggest that, along with ionic hydration, another water-binding mechanism should be considered.
In a molecular dynamics simulation of the cesium pentadecafluorooctanoate micellar system 36 , water molecules are assumed to form H-bonds with the O atom(s) in the headgroups of the core-forming monomers; this bonding essentially slows down their movement. The network of H-bonds transmits the hindrance in the molecular movementsat a decreasing extents toward the neighboring solvent molecules. The experimental facts published in the present work seem to support or, at least, do not contradict the existence of this mechanism. According to the simulation, near the micellar surface, the mean squared displacement of the water molecules per unit time (a quantity proportional to their diffusion coefficient) turns out to be definitely less than that in the bulk, 36 and the ratio of the values in the two regions falls in the range of D s w /D 0 w obtained from QENS in this work. Atoms, which tend to form H-bonds, are present in the hydrophilic groups of each micellar system: in DTAB, the N atoms of the trimethylammonium groups, and in SDS and ethoxylated nonyl phenols, the O atoms of the sulfate groups and the ethoxy chains, respectively. Furthermore, in Figure 3 , D h w , S obsd , and S net are proportional to X, the number of ethoxy groups in the hydrophilic chains of 9NX surfactants.
A Regarding the diffusion coefficient of the micelles, the results from the gradient NMR method follow the expectation: 13, 15 because they have not been corrected for obstruction effects, they are systematically less than (but fall within the same range as) those from QENS and QLS (cf. Table 2 ).
3.2. Conclusions. QENS experiments made by the neutron backscattering technique support the existence of slowly diffusing solvent molecules in SDS micellar solutions, and conclude both in their diffusion coefficient and mole fraction. Evaluation of the raw data is based on the property of aqueous media that, at the small values of energy and momentum transfer applied, the width of the Lorentzians is well approximated 1, 2, 21 by DQ 2 . This condition enables one to fit the model function in the same session to scattering patterns from more than one detector position, thereby improving the information content extracted from the input data. The QENS results on the SDS solution have been confirmed by the GCSTE NMR technique, which was applied to cationic (DTAB) and nonionic (9NX) micellar solutions as well. A net slowing down of water molecules was observed in ionic and nonionic micellar solutions. Consequently, a water-binding mechanism different from ionic hydration should also exist; such a mechanism may be the H-binding of solvent molecules to the O and N atoms in the hydrophilic (head)groups of the micelle-forming monomers. 36 The thickness of the layer formed of slow molecules around the core of SDS micelles is in good agreement with NMR results obtained in protein solutions. 37 
